To develop techniques for spermatogonial transplantation in bulls, it is essential to have an effective bioassay procedure to evaluate the transplantation efficiency of spermatogonial stem cell collection, purification, and culture techniques. The objective of the present study was to develop a mouse bioassay model to evaluate transplantation efficiency of fresh and cultured bovine germ cells. Bull calves of four ages (1, 2, 3, and 4 mo) were used as a source of donor testes cells. Two calves were used for each age point, one calf was experimentally made cryptorchidistic at 1 wk of age and the other left normal. A STO (mouse fibroblast) feeder cell line was used to culture bovine testes cells for 2 wk preceding transfer into recipient testes. Immunodeficient nude mice (nu/nu) in which endogenous spermatogenesis had been abolished by busulfan treatment served as recipient animals for transplantation. Donor bovine germ cells were microinjected into mouse seminiferous tubules. Mouse testes were analyzed 2
Introduction
Transplantation of spermatogonial stem cells between a donor and a recipient bull, in which donorderived spermatogenesis occurs within the recipient's testis, could provide an extremely valuable reproductive tool to study early male germ cell development in the bull. The ability to transfer spermatogonia between a donor and a recipient male, resulting in production of mature donor spermatozoa in recipient testes, was reported in mice (Brinster and Avarbock, 1994; Brinster and Zimmerman, 1994) . The technology of spermatogonial transplantation is based on the spermatogonial stem cell, which is characterized as having the ability for self-replication and production of differentiated 1 Correspondence: 220 Animal Science Laboratory Building (phone: 509-335-8339; E-mail: reevesjj@wsu.edu).
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wk after transplant with the use of a bovine-specific antibody and whole-mount immunohistochemistry for the presence of bovine donor germ cells. Bovine testis cells were present in all recipient mouse testes analyzed. Fresh bovine testes cells were observed as colonies of round cells within mouse seminiferous tubules, indicating spermatogonial expansion and colonization; however, cultured bovine testes cells appeared as fibrous tissue and not as spermatogenic colonies. The average number of colonies resulting from donor cryptorchid testes was not different (P > 0.05) from noncryptorchid, 56 ± 4 and 78 ± 7, respectively. Fresh donor cells from calves older than 1 mo gave rise to a greater average number of colonies within recipient testes (P < 0.05) (1 mo, 33 ± 4; 2 mo, 70 ± 8; 3 mo, 63 ± 6; 4 mo, 87 ± 9). Fresh bovine germ cells are capable of colonization in the busulfan-treated nude mouse testis, making it a suitable model for evaluation and development of spermatogonial transplant techniques in bulls.
progeny, which give rise to nearly unlimited numbers of mature spermatozoa throughout most of the life time of a male (Russell et al., 1990) . Testicular histological examination of Holstein bull calves has revealed that gonocytes or prespermatogonia are the dominant cell types within the seminiferous tubules at 12 wk of age (Curtis and Amann, 1981) and prespermatogonia slowly undergo proliferation and spermatogonial stem cell expansion from postnatal wk 5 through 27 (Wrobel, 2000) . Therefore, the donor calf age must be determined as to when the germ cells are capable of efficient colonization in a recipient's testis.
Cryptorchidism has been demonstrated to enrich the donor testes for spermatogonial stem cells in mice, with a 24-fold increase in colonization efficiency when compared to noncryptorchid controls (Shinohara et al., 2000) . Spermatogonial transplantation is much more challenging to apply in a large animal like the bull. Therefore, an effective bioassay is necessary to develop and evaluate spermatogonial transplant technology in bulls. The objective of the present study was to confirm a mouse bioassay model to evaluate transplantation efficiency of fresh and cultured bovine germ cells collected from the testes of both cryptorchid and noncryptorchid bull calves at different ages.
Materials and Methods

Experimental Design
Testes cells were collected from Holstein Friesian bull calves at four ages (1, 2, 3, and 4 mo of age) and transplanted into the seminiferous tubules of immunodeficient mice. Two calves were used for each age point, and one calf was experimentally made cryptorchidistic at 1 wk of age by positioning the testes inside the abdominal cavity while placing an elastrator band at the base of the scrotum. The second calf was allowed to have normal scrotal development. The freshly collected bovine testes cells were transferred into the testes of homozygous immunodeficient nude mice (nu/nu; five mice per calf). Testes cells were also maintained in vitro for a 2-wk period preceding transplantation. Recipient nude mouse testes were analyzed 2 wk after transplantation for the presence of donor bovine germ cells by bovine-specific whole-mount immunohistochemistry. One mature bull was also evaluated as a source of donor testes cells, and testes of nude mouse recipients (n = 3) were analyzed 80 d after transplantation. Positive controls were nude mouse seminiferous tubules injected with donor bovine testes cells 1 d before, at which time donor cells should be abundant, thus validating a successful injection into the seminiferous tubules. Negative controls were nude mouse seminiferous tubules not receiving injection of donor bovine testes cells.
Donor Cell Preparation
Testes were collected from bull calves by standard castration procedures. The Animal Care and Use Committee at Washington State University approved all experimental procedures. Following castration, the tunicae vaginalis and albuginea were manually removed and sections of seminiferous tissue were collected into Dulbecco's Pi NaCl without calcium and magnesium (3 mM KCl, 1 mM KH 2 PO 4 , 137 mM NaCl, and 8 mM Na 2 HPO 4 ). Seminiferous tissue was minced with scissors, and cells were collected by a modified two-step enzymatic digestion process previously described (Dobrinski et al., 1999) . Briefly, minced seminiferous tissue was disassociated and digested by an enzymatic solution of collagenase (2 mg/mL; Type IV, Sigma Chemical Co., St. Louis, MO), hyaluronidase (1 mg/mL; Sigma), and trypsin (0.25%; Gibco BRL, Grand Island, NY) and was incubated at 32°C for 20 min. To facilitate digestion, DNase I (1 mg/mL; Sigma) was added as needed. After the first incubation, the tissue was allowed to settle on ice for 5 min, the supernate was removed and another 5 mL of enzyme solution was added and incubated for an additional 15 min at 32°C. Media containing 10% fetal bovine serum (FBS) was added to stop enzyme activity, and the resulting cell suspension was filtered through a 70-m cell strainer (BD Falcon, Bedford, MA). Cell concentration and viability were determined using a hemocytometer and trypan blue exclusion, respectively. The cell suspension was diluted to provide 1 × 10 7 cells/mL for injection into mouse testes and 1 × 10 6 cells/mL for culture. Cells were collected by centrifugation at 600 × g for 5 min at 4°C and resuspended in culture or injection media. Culture media consisted of Dulbecco's modified Eagle's medium (DMEM) containing 10% FBS, 6 mM glutamine, 6 mM lactate, 0.5 mM pyruvate, 30 mg/L penicillin, 50 mg/ L streptomycin, and 50 mg/L gentamicin (designated DMEM-G). Injection media was enriched Krebs-Ringer bicarbonate medium (EKRB; O'Brien, 1993) with 0.004% trypan blue. Cell viability, determined by trypan blue exclusion, was greater than 98% after collection.
Culture of Donor Bovine Testes Cells
Collected testes cells were cultured on STO (mouse fibroblast; ATCC, Manassas, VA) feeder cell monolayers as previously described (Nagano et al., 1998) . Feeder cells were grown to confluency on 25-mm 2 tissue culture flasks, maintained in DMEM with 10% FBS and mitotically arrested with mitomycin-C 1 to 7 d preceding the addition of testes cells. Bovine testes cells were added to the cultures at a concentration of 1 × 10 6 cells/mL (4 mL of suspension per flask). Cultures were incubated at 32°C in 5% CO 2 in air, and media (DMEM-G) were changed every other day. Cultures were harvested by trypsin-EDTA digestion after 2 wk for transplantation. Collected cultures were centrifuged at 600 × g for 5 min and resuspended in injection media at a concentration of 1 × 10 7 cells/mL for transplant.
Recipient Mice and Donor Cell Transfer
In order to avoid immunological rejection of donor bovine cells, NCr Swiss nude (nu/nu) mice (Taconic, Germantown, NY) 8 to 15 wk of age were necessary as recipient animals. Endogenous spermatogenesis was abolished in mice by treatment with the chemotoxic drug busulfan (33 mg/kg) at least 3 wk prior to transplant (Brinster and Zimmerman, 1994) . Collected bovine testes cells were diluted in injection media (EKRB salt solution) to a concentration of 1 × 10 7 cells/mL. Mice were anesthetized, placed in dorsal recumbency, and viewed by stereomicroscopy (Olympus SZX12); the testes were exteriorized. The transplantation procedure used in this study was conducted following methods previously reported by Boettger-Tong et al. (2000) . Approximately 10 L of donor cell suspension was microinjected into each testis with a beveled 20-L glass micropipette. In this study, approximately 60 to 80% of the surface tubules were filled with each injection. Trypan blue added to the injection media allowed for visualization of a successful injection into the seminiferous tubules.
Production of Polyclonal Antibodies
In order to analyze donor bovine cells in mouse seminiferous tubules, a species-specific polyclonal antibody was generated. Testes cells from a 1-d-old Holstein Friesian bull calf were collected by enzymatic digestion as described above. Cells were collected by centrifugation, resuspended in phosphate-buffered saline (PBS) and stored at −70°C. Three female rabbits were given a primary immunization of 2 mg of bovine testis cell pellet in Freund's complete adjuvant (Sigma Chemical Co.). On d 28 and 56, rabbits received booster injections of 2 mg of bovine testis cell pellet in Freund's incomplete adjuvant. One month after the last booster, serum was collected and stored. In order to reduce cross-reactivity with mouse testes, serum was absorbed twice with a mouse testis homogenate. Antibody species specificity was determined by immunofluorescent staining of cytospin slides of mouse and bull testes cells. This antibody was coded as JMO#2 and stored at −20°C. The antibody immunohistochemical procedure was as follows: cells were incubated with primary antibody (JMO#2; 1:1000) in a humidified chamber at 37°C for 2 h. Following the first incubation, cells were washed five times in PBS and incubated with second antibody (FITC-goat anti-rabbit IgG; 1:40; Sigma Chemical Co.) at 37°C for 1 h. Cells were again washed five times in PBS, counterstained with Evan's blue, and visualized under fluorescent microscopy.
Nude Mouse Analysis
All nude mice were killed 2 wk or 80 d (mature bull) after transplant, and testes were recovered and analyzed for the presence of donor bovine germinal cells. Testes were placed in Dulbecco's Pi NaCl without Ca ++ and Mg ++ . The tunica albuginea was manually removed and the exposed seminiferous tubules were gently dispersed in an enzyme solution of collagenase (1 mg/mL) to remove interstitial cells and isolate seminiferous tubules. Testes were then fixed in fresh 4% paraformaldehyde (PFA) for 2 h at 4°C. Samples were washed in PBS and stored at 4°C until further analysis.
Whole-Mount Immunohistochemistry
Recipient mouse seminiferous tubule samples were incubated sequentially with 0.1 M glycine for 30 to 60 min, 0.03% H 2 O 2 for 3 to 4 h, and PBS with 2% skim milk powder and 0.1% Triton X-100 (PBSMT) for 30 to 60 min. Endogenous biotin was blocked with a biotinavidin blocking kit (Zymed, San Francisco, CA). Samples were then incubated with primary antibody (rabbit anti-bovine; JMO#2) diluted 1:100 in PBSMT for 24 h at 4°C. On the next day, samples were washed three times with PBSMT for 30 min at 4°C and twice with PBS. Secondary antibody (biotinylated goat anti-rabbit IgG; Pierce, Rockford, IL) was then added at a dilution of 5 g/mL in PBSMT for 24 h at 4°C. Tubules were again washed three times with PBSMT for 30 min at 4°C and twice with PBS. Avidin conjugated to horseradish peroxidase diluted to 2.5 g/mL in PBSMT was then added to samples and incubated overnight at 4°C. The next day, samples were washed through five changes of PBS, stained with 3-amino-9-ethylcarbazole and fixed in 10% neutral buffered formalin. Stained seminiferous tubules were spread on microscope slides and mounted under a cover slip with PBS. Colonies consisting of more than 2 positively stained cells were counted under light microscopy at 200×.
Polymerase Chain Reaction Analysis
Genomic DNA was extracted from nude mouse testes that had been injected with bovine testes cells either 2 wk or 1 d before. Genomic DNA was also extracted from testes serving as negative controls, which were not injected with bovine cells. Extraction of DNA was conducted using the Puregene DNA isolation kit (Gentra Systems, Inc., Minneapolis, MN). Extracted DNA was amplified by PCR using microsatellite primers specific for bovine DNA (Table 1) . Genomic bovine DNA extracted from white blood cells was prepared as positive control. Two micrograms of DNA was amplified with 0.02 M of primers for 34 cycles. Products from the PCR reaction were visualized on 2% agarose gels in TBE buffer and stained with ethidium bromide. In order to demonstrate successful extraction of DNA and PCR, all samples were amplified with primers for β-actin as well.
Statistical Analyses
All data were analyzed using the GLM procedure of SAS (SAS Inst. Inc., Cary, NC). Mean colony numbers from mouse testes receiving germ cells from both cryptorchid and noncryptorchid bull testes were compared between age groups by pairwise comparisons. Mean colony numbers in mouse testes resulting from testes cells from all cryptorchid and all noncryptorchid bull calves were compared using one-way analyses of variance.
Results
Characterization of Polyclonal Antibody
In order to identify bovine germinal cells within mouse testes, a polyclonal antibody was generated in female rabbits against bovine testes cells. Total rabbit IgG was absorbed against mouse testes cells to reduce nonspecific binding from the immunohistochemistry procedure on mouse testes. Specificity of the polyclonal antibody was tested by fluorescent immunohistochemical staining of bovine testes and mouse testes cell prepa- rations. The antibody bound to bovine testes cells very strongly with minimal cross-reactivity with mouse testes cells. From these data we concluded that the antibody produced was bovine specific.
Fresh and Cultured Bovine Germ Cells
Donor bovine germ cells were observed in all recipient testes analyzed ( Table 2 ). Areas of positively stained round cells were identified in mouse seminiferous tubules ( Figure 1B ). Negative control mouse testes, receiving no injected cells, showed no significant cellular staining from the immunohistochemical procedure ( Figure 1D , E). Positive control mouse testes, those injected with bovine testes cells 1 d before analysis, showed an abundance of positively stained cells ( Figure  1A ). All nude mouse testes that received cells from the 3-mo-old noncryptorchid calf became fibrotic and were unable to be analyzed; therefore, no data were obtained from that calf. Bovine cells were identified in recipient nude mouse testes 80 d after transfer resembling spermatogenic colonies halted at spermatogonial expan- Figure 1C) , suggesting fibroblast cells of bovine origin.
Testes cells collected from calves older than 1 mo of age resulted in a significantly higher average number of colonies within recipient nude testes (P < 0.05) ( Table  2 ). However, there was no significant difference in the average number of colonies resulting from cryptorchid and noncryptorchid testes (P > 0.05) ( Table 2) .
PCR Analysis
Bovine testes cells were identified in mouse seminiferous tubules by DNA analysis (Figure 2) . The microsatellite bovine primers generated a bovine-specific product. No amplification was detected from DNA extracted from mouse testes not injected with bovine testes cells. Extracted DNA from mouse testes injected with bovine testes cells 1 d before and 2 wk after were amplified with bovine-specific primers.
Discussion
The present study demonstrates that the nude mouse can be utilized as a bioassay model for evaluation and development of spermatogonial transplant techniques in bulls. Development of a species-specific polyclonal antibody allows for the visualization of germ cells from bulls in mouse seminiferous tubules. Donor bovine testes cells transferred as fresh cell suspensions were positively identified in recipient nude mouse seminiferous tubules by whole-mount immunohistochemistry. Areas of round bovine cells were detected, resembling germ cell proliferation of mouse spermatogonial cells in recipient mouse testes during the first month after transfer (Nagano et al., 1999) . These morphological observations indicate the possible formation of spermatogonial colonies. By functional definition, the only cell type from the testis capable of colonizing and expanding within a recipient's testis are the primitive spermatogonial stem cells. Therefore, the testis cell collection procedure yielded a population of spermatogenic cells capable of colonizing a recipient's testis following transplantation. These results agree with those obtained by Dobrinski et al. (2000) , in which mouse testes support horizontal expansion of bovine germ cells. The mouse testis appears to be capable of supporting the initial steps of spermatogonial colonization of donor bovine germ cells.
Fresh testes cells collected from 2-, 3-, and 4-moold donor bull calves resulted in a significantly higher number of colonies in recipient mouse seminiferous tubules than the 1-mo-old calves. Moreover, transfer of testes cells from the 4-mo-old calves resulted in the numerically highest mean number of colonies in recipient mouse seminiferous tubules. These observations indicate that older prepubertal calves may be the best donors for spermatogonial germ cells capable of colonizing a recipient's testis following transplantation. The testes of young immature male bull calves possibly contain a spermatogenic cell population consisting of mostly gonocytes, which do not differentiate into spermatogonia capable of undergoing spermatogenesis until the animal approaches puberty. Therefore, the cell population within the testis may not contain or have a large enough proportion of germ cells with stem cell capability until the male reaches a certain age or developmental stage. Successful transplants resulting in colonization and spermatogenesis have been demonstrated from transfer of gonocytes from donor mice into infertile recipient mouse seminiferous tubules (Jiang and Short, 1998) . This indicates that testes cells from prenatal or very young donor animals will gain spermatogenic stem cell capability within the donor testis following transplantation. However, bovine gonocytes most likely do not receive the proper signaling for this conversion within recipient mouse seminiferous tubules. The observation of colonies of round cells in the present study indicates that spermatogonial stem cells rather than gonocytes were transplanted from the bull testes. The age effect observed between 1-mo-old calves and older calves may be accounted for by this gonocyteto-stem cell conversion, in which gonocytes were transplanted from the youngest calves and stem cell conversion began between 1 and 2 mo of age. In the present study, calves of different ages were used to determine whether age has an impact on the colonization efficiency of the collected donor testis cell population. It appears that the efficiency of donor germ cell colonization is enhanced with increasing the age of a prepubertal bull calf. A sexually mature bull was also used as a source of donor testes cells for transfer into recipient mouse seminiferous tubules. Results with the adult donor indicate that sexual maturity does not enhance the colonization efficiency of donor bovine germ cells following transplantation. The use of bulls at different ages allowed for a thorough investigation of using the mouse as an effective bioassay model or host for bovine testis cells.
In mouse-to-mouse transfers, cryptorchidism enriched the donor testis cell population for spermatogonial stem cells (Shinohara et al., 2000) . The high core body temperature that cryptorchid testes are exposed to renders them incapable of supporting spermatogenesis. Therefore, differentiated spermatogenic cells such as spermatocytes and spermatids are depleted, which should enrich the testis for spermatogonia capable of colonizing and reinitiating spermatogenesis following transplantation to an infertile testis. However, in the present study no such enrichment was demonstrated. The ages at which bull calves were castrated most likely did not allow enough developmental time for the germ cells to begin differentiation toward the spermatogenic cycle. Therefore, cryptorchidism may not have made an impact due to the lack of differentiated spermatogenic cells in the immature testis. In the mature bull, cryptorchidism could be more beneficial than in the immature male because the proportion of differentiated spermatogenic cells to stem cells is much higher.
Spermatogenic colonies of bovine germinal cells were detected 80 d after transfer. Analysis at 80 d after transfer was conducted to determine the extent of bovine germ cell development occurring in recipient mouse testes. No significant spermatogonial development of bovine germinal cells was seen, indicating that mouse testes are incapable of supporting spermatogenesis of bovine germinal cells above the level of spermatogonial expansion. Dobrinski et al. (2000) reported that donor bovine testes cells from young bull calves and mature bulls appeared normal up to 2 mo after transfer but later developed into apparent fibrous tissue within mouse seminiferous tubules, with very few donor cells present that resembled germ cells. Thus, data reported by Dobrinski et al. (2000) is not a validation that the nude mouse testis can serve as cross-species host for bovine germinal cells due to the fact that donor cells appeared to be of a fibroblast phenotype rather than spermatogenic. However, no such observation was made in the present study with use of fresh cell suspensions. Discrepancies in reported data between Dobrinski et al. (2000) and the current experiment may be due to the modifications in donor cell collection and(or) transplantation procedures used. Whatever the causative factor, we have demonstrated that the nude mouse testis is capable of supporting apparent bovine germinal cells for periods up to 80 d, with colonies of round cells being the only donor bovine cells present at that time point. This observation validates that cross-species transplantation into the nude mouse can be used as an effective bioassay for the development of spermatogonial transplant techniques in bulls. Analysis of recipient testes at 2 wk after transfer was conducted to determine the colonization efficiency, defined in this study as the number of observed initial colonies having the capability to become well-defined spermatogenic colonies. Nagano et al. (1999) demonstrated that, in mouse-to-mouse transplants, spermatogonial expansion along the basement membrane could be observed at 2 wk following transfer and that these patches represented potential spermatogenic colonies. Analysis of recipient testes at a later time point should allow for a more definite identification of spermatogenic colonies resulting from donor bovine germ cells.
Bovine testis cells maintained in vitro for a 2-wk period prior to transfer into recipient mouse testes did not resemble spermatogenic colonies; instead, strands of tissue were positively stained, resembling fibrous tissue. Cells with stellate morphology, characteristic of fibroblastic cells, that were bovine in origin were seen within recipient mouse seminiferous tubules. It is likely that the culture system employed supported cells more fibroblastic in nature than spermatogenic, which agrees with results obtained by Dobrinski et al. (2000) . Culture conditions most likely have a major impact on the survival of germ cells in vitro. In the present study, visualization of these cultures indicated that a high proportion of fibroblastic cells were surviving and most likely overgrew the germ cells.
Results from the present study demonstrate that spermatogonia capable of colonizing a recipient's testis following transfer can be collected from the testes of bull calves and transplanted as a fresh cell population into an infertile recipient mouse testis. These data further demonstrate that nude mice can serve as a suitable bioassay model for the development and evaluation of spermatogonial transplantation techniques in bulls. Also, testes cells from older prepubertal calves may contain a germ cell population with more capability of efficiently colonizing a recipient's testis following transplantation. Germ cells from mature bulls are also capable of colonization following transfer. Using the nude mouse as a bioassay model, techniques for the enhancement of colonization efficiency, enrichment, and culture of bovine spermatogonial stem cells can be evaluated.
Implications
Spermatogonial transplantation has potential for the enhancement of superior genetics in livestock. The production of transgenic livestock with economically favorable genes may be efficiently produced through the male germ cell line by spermatogonial transplantation. Currently, transgenic technology is primarily applied at the level of the embryo; however, insertion of a transgene into the male germ cell line will provide a much more efficient method for utilizing this technology. Also, spermatogonial transplantation provides a very valuable tool to investigate germ cell development in the bovine testis, especially early germ cell actions in the seminiferous epithelium.
